Aiming at production environment and operation design in manual materials handling which often overlook workers' physiological factors and cause fatigue, even work-related musculoskeletal disorders, we construct a biobjective model based on economics and ergonomics. In the model, two objectives include functions about handling time and energy consumption. Based on the openness of IGRIP/ERGO simulation software combined with MATLAB, we design and develop the interactive simulation platform, where program language can be automatically generated. Then, we analyze the case about handling operations in an automobile brake pad manufacturing company, and the number of input materials and process scheduling are taken as research objects. Finally, the results show that the win-win optimal solution can be usually obtained between productivity and ergonomics for decision makers according to the proposed biobjective model. Moreover, the case study demonstrates that the interactive simulation platform can be devoted to providing the solution for modern production operation directly and conveniently, which can make the production environment and operation design in accordance with ergonomics.
Introduction
In the modern industrial systems, it is an important operation mode that employees assist in the production of automation equipment with the development of industrial automation. In order to develop in a competitive market, manufacturing enterprises usually ask professional process engineers to make standard time and constantly optimize based on time analysis in the traditional approaches [1, 2] . Profits can be gained by standardized production to improve production efficiency for enterprises, while workers must continue working in designated work locations and standard time by engineers. In the actual production, a large number of upper limb tasks are performed by workers, which include some typical actions like grasping, lifting, lowering, carrying, pushing, pulling, and walking in the workshop, especially manual materials handling (MMH) [3] [4] [5] [6] . MMH tasks are common in various industries such as manufacturing, agriculture, hospital, and construction. Obviously, profit is the core for enterprises, so workers' capacities and productivity state are often overestimated [7] [8] [9] [10] [11] [12] [13] . Fredericks et al. pointed out that MMH is one of the major causes of severe industrial injury [12] . As for the construction industry, MMH tasks are very common on construction sites and are one of the major contributors for musculoskeletal disorders for workers by Li et al. [6] . Calzavara et al. indicated that it is recognized that MMH in warehouses exposes workers to a high risk of developing musculoskeletal disorders [13] .
However, when employees maintain unhealthy state for a long time, cumulative metabolic waste will cause pain, and excessive and repetitive operation will lead to workers fatigue and develop into a pathological state. Unhealthy working environment and manual operations can result in workrelated musculoskeletal disorders (WMSDs), which is the most common job-related occupational injury. WMSDs are injuries or disorders of the muscles, nerves, tendons, joints, cartilage, and spinal discs such as lower back pain, neckshoulder-wrist syndrome, and sprain [4, [11] [12] [13] [14] [15] . WMSDs are the leading cause of nonfatal occupational injuries that may lead to temporary or permanent disability. This urgent issue 2 Mathematical Problems in Engineering about WMSDs has become conspicuous day by day. For example, 25% of workers suffered from backache and 23% about muscular pains in Europe [16] . WMSDs accounted for 34% of all injury and illness cases in 2012, where MMH had the highest number in the USA [17] . WMSDs also showed high incidence, and the prevalence rate was up to 20%-90% in China.
In short, WMSDs not only seriously affects workers' personal health and work efficiency, but also leads to increasing the cost of enterprises such as absenteeism, loss of production line productivity, medical treatment, and compensation for workers and even affects the productivity of labor and imposes overall health care costs in the whole country. Studies have shown that WMSDs is a second-high incidence of occupational diseases only next to occupational mental illness because of its huge economic loss every year. At present, a number of scholars have carried out a series of related studies on WMSDs [18] [19] [20] [21] [22] [23] . Lukman et al. indicated that drivers who performed MMH of heavy loads and adopted awkward postures are at a higher risk of developing WMSDs [19] . Celik et al. demonstrated that it is very important that working environment should be ergonomically arranged in order for office workers not to suffer WMSDs [20] . The results showed that WMSDs have become an important factor that cannot be ignored in the work environment and operation design.
As Nur et al. described in his study, the trend in modern industry is moving towards more time-intensive production with standardized, short cycle times and limited completion times at present [24] . We still consider how to improve productivity from these points of time, cost, and other factors directly related to production rather than energy consumption, employee fatigue, and other factors related to ergonomics.
In fact, some scholars have pointed out that there is a correlation between productivity and ergonomics [14] . Battini et al. demonstrated a link between them in assembly systems, where including ergonomics evaluations in the human operations analysis is a win-win approach due to the interaction between productivity, motion efficiency, and operational safety [25] . In Toole's study about architectural design, he pointed out that the most effective way to prevent WMSDs was to consider human factors at the design stage [26] . Fredericks et al. conducted two laboratory experiments to provide guidelines for ergonomic, which can reduce the risk of injury [12] . Otto and Scholl declared that ergonomic risks at the workplace cause a lot of damage on health and quality of life of workers [27] . Generally speaking, if industries are forced to pay attention to the physical comfort of workers in working environment at present, it can in turn lead to increased efficiency of the industry [28] . Improvement in ergonomics can contribute to improved performance and quality to make worker prevent WMSDs in the long-run [13] . Accordingly, ergonomics can not only reduce the risk of WMSDs, but also improve work performance and quality. Therefore, in order to prevent WMSDs caused by fatigue in engineering, managers should consider productivity and ergonomics comprehensively and design good working environment and operation to eliminate fatigue so as to achieve a win-win goal.
To the best of the authors' knowledge, there are a lot of researches on ergonomics, while they mainly used a single objective. Only a few papers considered ergonomic and economic issues comprehensively in evaluating MMH. One example is the work of Battini et al., which developed a new multiobjective model for solving assembly line balancing problem in order to include also the ergonomics aspect [18] . The authors created a set of tables, called the Predetermined Motion Energy System (PMES) that the model of Garg has been further developed. It can be used for energy estimation to reduce the time spent in calculating measures. However, they did not consider variables in analysis which can influence the energy consumption such as the number of input materials and process scheduling. Another article, written by Andriolo et al., proposed another multiobjective model that considers ergonomic aspects of MMH by using a lifting index (LI), rather than the model of energy consumption [29] . Calzavara et al. proposed an integrated planning approach that considers both economic and ergonomic objectives in order picking design by using energy consumption [13] . They directly solved the problems of ergonomics in various fields through the different mathematical models constructed in common. However, with the development of simulation software for ergonomics, we can use simulation technology to deal with the new biobjective model based intuitively and conveniently.
In addition, ergonomic simulation has been researched by many scholars. Many scholars have used mature ergonomic simulation software such as CATIA, JACK, IGRIP/ERGO, and other professional software to solve problems for enhancing efficiency and validity of ergonomics risk assessment in engineering [30] [31] [32] [33] [34] [35] . Mazzola et al. said that Digital Human Model (DHM) has been developed in order to increase the level of quality of the ergonomic design process [30] . Fritzsche indicated that DHM simulation provides good ergonomics risk estimations of the workload in real-life task and matches real-life assessments obtained on a car assembly line [31] . They demonstrated that simulation approach is successfully used in improving participatory ergonomic work [32] [33] [34] [35] .
However, there are still little simulation researches on MMH, though they are becoming increasingly important in practice. Sundin and Medbo showed that 3D CAD visualization was successfully used in improving participatory ergonomic work about MMH at a Volvo plant in Sweden [36] . Ziaei et al. used rapid upper limb assessment (RULA) to assess the risks of awkward postures and estimate the forces and moments by computer-aided three-dimensional interactive application [37] . Li et al. proposed a methodology to use three-dimensional skeletal modeling to imitate workers movement in an actual construction manufacturing plant for lifting task [38] .
In addition, it is rare to combine the biobjective model and simulation technology in the literature. To close this gap, we address this important question in the present study. In order to consider two aspects of productivity and ergonomics comprehensively, we construct a new biobjective mathematical model in order to design and evaluate MMH in which the handling time and the energy consumption are considered.
In this study, for the first time in the literature, we design and develop the interactive simulation platform to analyze two factors based on the openness of IGRIP/ERGO combined with MATLAB. Then, we analyze the numerical example about handling operations in an automobile brake pad manufacturing company illustrating both the proposed biobjective approach and the application of the interactive simulation platform. In the end of the study, we provide a deep parametric analysis according to the variations: change rate of energy-time ratio (ET) in order to design and evaluate MMH. As will be shown below, the methods can provide the win-win optimal solution for decision makers to make production environment and operation design in accordance with ergonomics and avoid or reduce the risk of WMSDs eventually.
The remainder of the study is structured as follows. The next section reviews related work on the job and describes the existing problem on the process flow with only minimum standard time and necessary assumptions. Section 3 develops in detail the biobjective formulations. Section 4, a numerical example based on a real case study is used, illustrating both the proposed biobjective approach and the application of the interactive simulation platform, and a deep parametric analysis is provided for decision makers to solve this problem in a real-life context. Finally, Section 5 draws several main conclusions to summarize the contribution and discusses some limitations of this study.
Problem Description
At present, manufacturing enterprises are mainly based on flowline manufacturing systems in 24 hours of mass production with four characteristics of fixed speed, continuity, fixed position, and fixed operation. The movement of production materials is mainly conveyed by conveyor belts, and employees assist machines in producing according to designed process routes and production rhythm [39] . In the design stage, the core is to minimize standard time, and flowline manufacturing systems further increase labor intensity of workers. It can be seen that there are some defects in designing the process flow with only minimum standard time, ignoring the health and safety of employees and increasing the risk of WMSDs, which is necessary to consider comprehensively.
To reduce the risk in modern industry, various ergonomic methods and tools have been developed in the past years to managers in evaluating ergonomic issues: self-assessment evaluation, video recordings methods or software tools to compute ergonomics indexes (REBA, RULA, OWAS, etc.), electromyography analysis (EMG), and spectroscopy-derived measures [40] [41] [42] [43] [44] . At present, the ergonomics evaluation method of MMH is energy consumption prediction model proposed by Garg from University of Michigan in US, which is widely used internationally [45] .
This model has been widely used in many fields, such as agriculture and industry [6, 18, 25, 46, 47] . Battini et al. used the model in order to estimate the ergonomics level, which helps estimate the energy expenditure values for solving assembly line balancing problem [18] . In another literature, Battini et al. integrated energy expenditure into the storage assignment problem about order picking [25] . Li et al. indicated that a strong correlation was demonstrated between actual and predicted energy expenditure, suggesting the applicability of using the predictive equations of Garg et al. when they investigated actual responses in Chinese construction workers performing combined MMH [6] . Alkan et al. presented a low cost solution based on the prediction model used for virtual manufacturing process planning to enable optimization of assembly operations and workload capabilities at early design stage [47] .
The prediction model divides the energy consumption into two categories: each activity of tasks and body postures; namely, the whole energy consumption can be estimated by summing up two types of energy consumption. The model is similar to the traditional time estimation method, such as predetermined motion time systems (PTMS), where the total time of the task is equal to the sum of the standard prediction time and some special task time [18] . Energy consumption is an important indicator of the degree of fatigue of workers about MMH, where the total energy consumption required to complete a task is equal to the sum of the energy consumed by single tasks. Since the increase in workload will lead to a significant increase in energy consumption, workers will be prone to fatigue. When energy consumption required is higher than that of the maximum capability of workers, it would lead to a risk of WMSDs [24] .
In addition, some scholars pointed out that fatigue can degrade workers performance on tasks in production reflected by the change of task duration [48] [49] [50] [51] [52] . Digiesi et al. showed that workers spend more time to process jobs when they become tired and slower [49] . Ferjani et al. used a new methodology about workers fatigue, an adaptable dynamic assignment heuristic, to solve multiskilled workers assignment problem in the manufacturing system state [52] . In particular, the authors indicated that fatigue can increase the processing times of jobs; namely, workers may need more time than expected to process their tasks. They focused on the assignment of workers to the machines, computing more realistic task duration via taking the impact of workers fatigue into account. In the meantime, they assumed that parts may accumulate in the machine queues, causing the waiting time for jobs waiting for these queues to increase, which can have an impact on workers fatigue. However, there is a difference in calculating the total process time between single worker and workers affected by fatigue. Let us note that, since our main objective is the win-win optimal solution about single worker and two research objects, the number of input materials and process scheduling, we do not pretend to address the problem based on accurate task processing times. And we assume that the amount of input materials does not accumulate in queues to affect subsequent production, because conveyor belts can play roles of temporary storage areas. Therefore, we will pay attention to building a new biobjective model and develop the interactive simulation platform based on economics and ergonomics where processing times of single task are defined in advance.
From the studies presented above, we estimate the energy consumption based on this prediction model introduced by Garg's model as the primary mathematical model to evaluate workload. In particular, we divide the energy consumption into two new categories: walk from workstation i to j and each operation in workstation i. Similarly, we divide the handling time into two new categories: walk from workstation i to j and each operation in workstation i in the next section.
In production, employees need to assist machines in producing at workstations such as raw material handling, parts assembly, semifinished measurement, finished packing, etc. Because of extensive popularization of 5S, the location of materials and articles in this factory is made clearly by the yellow line. The storage areas of raw materials and products needed for each production line are close to conveyor belts, but there are differences in height about the vertical direction and horizontal direction, where MMH is needed for employees.
It is assumed that materials have been tested by quality inspectors before being used. Accordingly, it does not need to consider the waste. In the meantime, the number of raw materials that employees input determines the number of the same parts and the number of finished products in the follow-up. Conveyor belts can play roles of temporary storage areas in the above so that subsequent production will not be influenced by the amount of input materials. Nevertheless, it can affect the time of a single process and total time workers required. Also, it will influence the average energy consumption of workers. In addition, different processes determine working paths of employees, which will also impact the value of their energy consumption.
Based on the assumptions stated above, and for the number of input materials and processes in terms of different situations, the biobjective models are developed that minimize two objective functions in the following: total handling time and total energy expenditure.
Model Development

Definitions Decision Variable
: total number of input materials 
Model Building.
In order to study the biobjective problem, we set up two objective functions for minimum handling time and minimum energy consumption:
where 
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The biobjective function that we propose to minimize is thus formulated as
We define the optimal points T 0 and E 0 as the solutions of the single objective functions modeled by (1) and (2) . Using the points, we can obtain and by (1) and (2), which are change rates of single objective solution functions. Then, we apply the called weighted sum method to (9) , which is one of the most common approaches in biobjective optimization:
where
Traditionally, the minimum handling time determines the process route and takt time in the optimal production line. In turn, if the objective is to minimize energy expenditure of the MMH process, the optimal production line is designed by the minimum energy consumption. Alternatively, there are two special cases in the model that are × 1 = 1, where only the minimum handling time is considered as an objective, and × 2 = 1, where only the minimum energy consumption is considered in the optimization.
Model Solution.
The difference between the biobjective problem and the single objective problem is that the optimal solution for a biobjective problem is not only a single optimal solution. The solutions exist in the set of nondominated optimal solutions, which is called the Pareto solution set. When a single target is improved, the performance of other subgoals will be reduced. Therefore, the approach to solve the biobjective problem is to balance and compromise among the subtargets. In recent years, more and more researchers have used genetic algorithms to solve biobjective or multiobjective optimization problems, which may have problems of computational complexity and slow speed [53, 54] . The most used method is the weighted sum method in many optimization methods whose mathematical modeling is simple and understood easily [55] . In this paper, we transform the biobjective problem into two single objective problems by using the weighted sum method and use the simulation technique to solve the problem as well. The solution steps are as follows.
Step 1. We gather the basic information of n workstations, workplace layout, and the input material in the production line by means of investigation and so on. Then the initial data operation is carried out. At the same time, the information of the staff and actual operation data are also collected such as body, weight, gender, and age.
Step 2. We determine parameters of the two-target model and establish a mathematical model based on the data obtained.
Step 3. We build the 3D simulation model on the platform of IGRIP/ERGO simulation software and design detailed parameters about process routes and energy consumption.
Step 4. We design and develop the interactive simulation platform based on the openness of IGRIP/ERGO combined with MATLAB, and program language is automatically generated. On this platform, interactive simulation and data analysis are carried out to obtain the handling time and energy consumption of different numbers of input materials and combinations of process routes.
Step 5. We obtain the optimal solution by using the weighted sum method.
The simulation process is shown in the diagram presented in Figure 1. 
Case Analysis
In this paper, we set up a bivariate model about the number of input material and process routes considering the handling time and energy consumption of workers. The following case study is used to verify the effectiveness of the model. There are 25 production lines in an automobile brake pad manufacturing company, where each production line produces different types of workpieces. However, three core production lines generate 85% of the total profits for this company. The production process of certain core line mainly includes cutting, drilling, grinding, measuring, assembling, spraying, and marking. In this line, there are 13 machines and five workstations which require human interventions. The production line is shown in Figure 2 .
In production, the employee handles rough blanks that underwent heat treatment from the storage area to the starting conveyor belt one by one (Workstation 1). Then he put fixers into the middle conveyor belt (Workstation 2). Next, he carries rings and warnings needed to the production line, respectively (Workstations 3 and 4) . Finally, he transports the finished products to the packing area from the finishing conveyor belt (workstation 5). Due to the capacity limitation of conveyor belts, the range of q is [5, 20] . In addition, the basic information of workers and 5 workstations in the production line are shown, respectively, in Tables 1-3 . Because the number of input materials is different, the cycle time is not easy to compare. However, the analysis of handling time about the single workpiece and the average energy consumption for the nonstop production line is to facilitate studying. As mentioned above, we solve it according to the concrete steps of the model.
Simulation software can provide good ergonomics risk estimations of the workload in real-life task and match real-life assessments [31] . In this simulation software we mentioned, IGRIP/ERGO is an interactive 3D simulation analysis tool of ergonomics which is suitable for design of workplace and improvement of work environment as a professional tool for human movement and tasks. Therefore, we build the simulation model for this production line. Figure 3 shows the simulation model based on IGRIP/ ERGO software. Then, the interactive simulation platform is designed and developed based on the openness of IGRIP/ ERGO, and the two-way communication line is created in the way of socket with MATLAB. The transfer of commands between the client and the server with TCP/IP can ensure the real-time and interactive performance of the simulation to achieve the purpose of transmitting data quickly and accurately. In addition, Graphic Simulation Language (GSL) can be automatically generated on the simulation platform, which simplifies operation process and improves efficiency and accuracy of simulation. Finally, the platform uses the Command Line Interpreter (CLI) to interact with MATLAB for data analysis in Figures 4 and 5 .
The results clearly show that as load weight increases, the energy consumption of workers at MMH also increases. As Drain et al. suggested in his study, it is well established that as load weight increases, the energy consumption also increases when they evaluated a maximum acceptable work duration model about physically demanding occupations such as military and firefighting [56] . Gao et al., after comparing the metabolic effect of three different load carrying methods, concluded that metabolic cost increases with heavier load [57] . It is in agreement with studies that indicate the energy consumption increases linearly with loads weight [58] . As illustrated in Figure 6 , the energy consumption is influenced by gender, body weight, and load weight, while there may be a linear relationship between load weight (L) and energy consumption (E).
The diagram of the relationship between percentages of change rate about E and T and the amount of input materials in the current sequential process route is shown in Figure 7 . It is obvious that the value of energy consumption is greatly influenced by the quantity, while the value of handling time about the single workpiece is affected very little. Therefore, an appropriate increase in the amount of input materials can significantly reduce energy consumption without changing the process, which means that the travel distance for the operator remains constant, but there is a nonlinear relationship between them. In addition, as mentioned above, the energy consumption of MMH (E i ) will increase when load weight increases. As expressed in (2), this formula includes two factors: the energy consumption of task (E i ) and the energy consumption of movement (E ij ). The importance of both factors for the value of total energy consumption is a negative correlation. Accordingly, it will have more influence on the energy consumption for the operator when the activity that the operator has to perform is heavy, which implies the influence of the energy consumption on the travel distance (E ij ) becomes smaller for the operator.
In a next step, the Pareto frontiers are analyzed about varying values of the total number of input materials variable in Figure 8 (q = 5, 10, 15, 20) . It shows the comprehensive impact of each process route and the number of input materials on the E and T. In this diagram, each point represents the percentage of the change rate compared to the minimum value of E and T in a particular process route. It can be seen that the differences in the percentage of change rate between E and T is similar when the amount of q is changed under different process routes. However, the smaller the amount of input materials is, the greater the impact of process route is on energy consumption and handling time, which is because distance differences between workstations have a great influence on them at the moment. As the number of q is increasing, the impact of distance differences is getting smaller and smaller. As stressed in Gebennini et al., the time spent travelling on foot from one station to another station, such as the operators' walking time, results in an unproductive time, and excessive walking might cause injuries and undue fatigue [59] . Accordingly, it is possible to reduce waste of the energy consumption by minimizing the energy spent by the operators in moving on foot from one station to another. Regarding the optimal solution for the time-based and energy-based single objective models formulated in (1) and (2), we can consider two optimal cases, respectively. Taking q = 5 as an example, it can be seen that the maximum difference is about 1.36% in time and 3.91% in energy from the change ratio of T and E in different process routes. In fact, handling time within the energy-based process route is 1.36% higher than the time that results if the time-based model is employed. Similarly, energy expenditure in using the timebased process route is 3.91% higher than for the solution that results for the energy-based model. According to [60] , the reasonable weights of × 1 and × 2 in (9) are determined, and four sets of values are set to be (0.1,0.9), (0.3,0.7), (0.7,0.3), and (0.9,0.1) respectively. Table 4 shows that four available solutions are four sets of the minimum handling time and the minimum energy consumption of the task. In this situation, scheme 1 indicates that the value of a worker's single-piece handling time is the minimum (48.6560s), while the value of average energy consumption is the maximum (6.7854kcal/min). On the contrary, scheme 4 requires that the value of single-piece handling time is the maximum (52.0872s), while the value of average energy consumption is the minimum (6.6371kcal/min). In order to take account of the shortest handling time and the minimum energy consumption, a scheme with the min E is chosen as much as possible on the premise of meeting requirements of production. In this case, assuming that single-piece handling time is more than 50s, scheme 2 should be selected in four schemes. Not only the min handling time (49.0322s) can meet technological requirements, but also the energy consumption of the worker is the minimum (6.7635kcal/min).
Conclusions
In this paper, we construct a new biobjective mathematical model of handling time and energy consumption, where workers' fatigue is ignored about physiological factors in view of work environment and operation design of MMH in manufacturing enterprises, which can lead to problems of reducing production efficiency by WMSDs. The model is based on two aspects of production efficiency and ergonomics. According to our mathematical model, the minimum handling time and the minimum energy consumption are two objective functions. By using the linear weighted summation method, the biobjective problem is transformed into single objective problems, and the MMH is evaluated and designed. We research the number of input materials and process routes in the case analysis that can obtain a number of combination schemes for the process routes and the amount of input materials. Therefore, the model has multiple satisfactory solutions, which can provide various alternatives for managers. Managers can choose the best combination plan based on two aspects of economics and ergonomics to achieve the win-win goal.
In addition, we design and develop the new interactive simulation platform based on the openness of IGRIP/ERGO combined with MATLAB. Then, we analyze the case about MMH in an automobile brake pad manufacturing company and take the number of input materials and process scheduling as research objects. Data interaction and statistics are implemented based on this platform to study on handling time and energy consumption. In the meantime, the case study demonstrates that the interactive simulation platform can be devoted to providing the solution of modern production operation directly and conveniently, which can make the production environment and operation design in accordance with ergonomics and can effectively prevent and avoid the risk of WMSDs. However, this paper only takes into account the continuous operation of a single worker in a manufacturing line. In fact, the model will be more troublesome, but more practical if it can be extended to the factors about multiple workers and rest time based on the consideration of ergonomics.
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